In situ stress measurements were made during Al underpotential deposition ͑upd͒ onto ͑111͒-textured Au from Lewis acidic aluminum chloride, 1-ethyl-3-methylimidazolium chloride ͑AlCl 3 -EMImCl͒, using the wafer curvature method. The surface stress response consists of three distinct features. In the potential range of 1.2-0.6 V the surface stress moves in the tensile ͑positive͒ direction from a value arbitrarily chosen as zero. This likely involves the desorption of AlCl 4 − from the Au surface and is consistent with adsorbate-induced stress models that appear in the literature. At the start of Al upd, the surface stress moves in the compressive direction, in contrast to the tensile stress expected based on the positive lattice misfit. We attribute this compressive stress to the formation of Al-Au bonds which partially satisfy the bonding requirements of the Au surface atoms, thereby reducing the tensile surface stress inherent to the clean Au surface. In the latter stages of Al upd, the surface stress once again moves in the tensile direction, which we attribute to Al-Au alloying. The magnitude of the tensile stress change is close to that estimated from the elastic strain associated with the change in molar volume, using reaction kinetics reported for surface alloy formation in the upd region.
The underpotential deposition ͑upd͒ of metal monolayers onto foreign metal substrates is important to the electrodeposition community. In metal deposition involving Stranski-Krastanov nucleation and growth, the upd layer forms prior to the formation of three-dimensional ͑3-D͒ crystals so that an understanding of deposition processes in the upd region may help us better understand the growth and subsequent properties of bulk thin films. For this reason, upd processes have been extensively examined by in situ techniques such as electrochemical voltammetry/coulometry, [1] [2] [3] [4] [5] [6] spectroscopy, [7] [8] [9] scanning probe microscopy, [10] [11] [12] [13] [14] [15] X-ray scattering, 11, 16, 17 and quartz crystal nanogravimetry [18] [19] [20] in order to better understand the formation and structure of the upd adlayer.
An additional in situ probe gaining popularity in electrochemistry involves the measurement of surface and growth stress. Surface stress is the reversible work required to elastically deform a surface. The loss of bonds at a clean metal surface causes a redistribution of charge density between the remaining surface atoms, thereby increasing their attractive interaction and causing a decrease in their equilibrium interatomic spacing. Because the surface atoms are held in place by the bulk lattice, they are stretched from their equilibrium lattice positions and a surface stress arises. The sign of the surface stress is positive ͑tensile͒ if the surface would like to contract under its own stress. The adsorption of species on the surface can be expected to alter the surface stress, because the local interaction of each adsorbate alters the bond strength between neighboring atoms on the surface. The sensitivity of surface stress to both ionic and fully discharged adsorbates such as metal monolayers makes this measurement particularly relevant for upd studies, where both processes tend to occur simultaneously. For instance, in the case of Pb upd onto ͑111͒-textured Au in HClO 4 supporting electrolyte, the stress transient clearly shows regions of ClO 4 − desorption, Pb-Au bond formation, stress relaxation due to island coalescence, and compression of the monolayer at potentials just positive of bulk Pb deposition. 21, 22 It is readily apparent from experimental data reported in the literature that the surface stress change following growth of a pseudomorphic ͑1 ϫ 1͒ metal monolayer cannot be estimated from continuum elasticity theory using the difference between the bulk lattice parameters to determine a misfit strain. When the misfit is positive ͑small adsorbate͒, elasticity theory predicts a tensile stress; however, there are several examples where the opposite is true, namely the upd of Cu on Au͑111͒ [23] [24] [25] [26] [27] and the vapor deposition of Fe on W͑110͒. 28 As expected, when the misfit is negative ͑large adsorbate͒, elasticity theory predicts compressive stress which is generally supported by experiment, although there is some discrepancy regarding the magnitude of the compressive stress. 29, 30 The various thermodynamic contributions for an epitaxial bilayer have been described by Cammarata et al., 31, 32 where the surface stress change includes contributions from the substrate-adlayer interface, the adlayer surface, and the lattice misfit between the metal adlayer and the substrate. This has been used to obtain the critical thickness associated with the loss of coherency for thin-film epitaxy. 32 A similar treatment has been extended to epitaxial systems formed electrochemically where an electrocapillary correction is added to account for the change in the point of zero charge ͑pzc͒ with the addition of the adlayer. 26, 33 Wafer-curvature experiments have been conducted on a variety of upd systems, namely, Pb 2+ /Au͑111͒, Pb 2+ /Ag͑111͒, and Ag + /Au͑111͒, and the measured stress changes were used to estimate the interface stress of the substrate/adlayer interface. A similar treatment has been applied to the Cu/Au͑111͒ system where the contribution of anion adsorption was considered as well. 26, 33 It is not clear whether use of an epitaxial bilayer model, where both film and substrate are considered to have bulklike properties, properly describes upd where the adlayer is restricted to a monolayer.
Leiva et al. have used the embedded-atom method to calculate the surface stress due to epitaxial monolayer adsorption for a variety of face-centered cubic adsorbate-substrate combinations. 34 When adsorption energy is considered together with lattice misfit, they find qualitative agreement with experimental data. The adsorption contribution is particularly apparent for systems with positive misfit ͑small adsorbate͒, such as Cu on Au. The embedded-atom calculation predicts compressive stress, consistent with experimental data, 23, [25] [26] [27] whereas considering the +12.8% misfit alone leads to tensile stress. Leiva et al. have further shown that the adsorptionenergy contribution of the monolayer to the change in surface stress is negative for all of the adsorbate-substrate combinations examined. 34 The surface stress change is then a balance between an adsorption contribution which is negative and a misfit term which can be positive or negative.
Because upd is at least partially driven by the free energy of dissimilar bonding, one would always expect the adsorption contribution to favor compressive stress. In addition, because upd processes often result in a negative shift of the pzc, anion readsorption onto the newly formed adlayer generally results in an additional compressive contribution to the surface stress, similar to that observed for Cu/Au͑111͒. [23] [24] [25] [26] [27] One is then left to question how significant the lattice misfit contribution is toward the surface stress change during upd processes. One could argue that in the case of Cu/Au͑111͒, the lattice misfit is too large to make a meaningful contribution to the stress. Obtaining surface stress data on other upd systems that have a positive but smaller lattice mismatch, such as Pd/Au͑111͒ ͑+4.9% mismatch͒ 35 or Al/Au͑111͒ ͑+0.7% mismatch͒, might facilitate the discussion. In a previous paper, we examined the growth stress associated with Al deposition on ͑111͒-textured Au, a process described by Stranski-Krastanov 3-D growth. 36 In that paper we briefly described the upd of Al on both ͑111͒-textured Cu and ͑111͒-textured Au cantilever electrodes and noted some anomalous behavior in the case of Al-Au. The purpose of this paper is to examine the surface stress changes associated with Al upd on ͑111͒-textured Au in more detail, paying particular attention to differentiating the stress behavior attributed to Al monolayer formation and Al-Au alloy formation in the upd region.
The electrodeposition of aluminum must be carried out from nonaqueous or aprotic solvents, because hydrogen is evolved in aqueous solutions before aluminum can be deposited. The direct electrodeposition of aluminum from ambient-temperature ionic liquids has received considerable attention. These electrolytes are prepared by combining AlCl 3 with certain unsymmetrical quaternary ammonium chloride salts such as 1-ethyl-3-methylimidazolium chloride ͑EMImCl͒. 37 They are liquid at room temperature and display adjustable Lewis acidity. Melts prepared with a molar excess of AlCl 3 ͑Ͼ50% mole fraction AlCl 3 ͒ are Lewis acidic due to the presence of the coordinately unsaturated Al 2 Cl 7 − ion, whereas those formulated with a molar excess of the quaternary ammonium chloride salt ͑Ͻ50% mole fraction AlCl 3 ͒ are termed Lewis basic because they contain a chloride ion that is not covalently bound to aluminum. The cathodic limit of the acidic AlCl 3 -EMImCl melts is governed by the electrodeposition of aluminum according to the following reaction
͓1͔
Aluminum cannot be electrodeposited from basic melts due to the preferential reduction of the 1-ethyl-3-methylimidazolium cation over AlCl 4 − . Numerous reports describing the electrodeposition of aluminum and its alloys from the Lewis acidic AlCl 3 -EMImCl ionic liquids appear in the literature. [38] [39] [40] [41] Recently it has been shown that aluminum can be electrodeposited from the new generation of airand water-stable ionic liquids following controlled addition of AlCl 3 .
42,43

Experimental
In situ stress measurements were made on an optical bench using the wafer-curvature method. 21, 25 The cantilever was a borosilicate glass strip ͑D 263, Schott͒ measuring 60 ϫ 3 ϫ 0.108 mm. The glass had a Young's modulus of 72.9 ϫ 10 9 N m −2 and a Poisson ratio of 0.208, as specified by the vendor. Onto one side of the cantilever a 4 nm thick adhesion layer of titanium and a subsequent 250 nm film of gold were vapor-deposited by electron-beam evaporation. The glass-metal interface provided the reflective surface for the laser beam. Prior to use, the electrodes were cleaned in piranha solution ͑3:1 volume mixture of concentrated H 2 SO 4 :30% H 2 O 2 ͒. The Au electrodes had a strong ͑111͒ crystallographic orientation. The 200 reflection was not apparent in -2 X-ray scans, and rocking curves of the 111 reflection generally yielded a full width at half-maximum on the order of 2°. These films have a fiber texture, i.e., there is no in-plane orientation. Field-emission scanning electron microscopy shows the Au grain size to be on the order of 25 nm. The curvature of the substrate was monitored while under potential control by reflecting a HeNe laser off of the glass/metal interface onto a position-sensitive detector. The relationship between the surface stress and the radius of curvature of the cantilever is given by Stoney's equation. 44 The electrochemical cell was an air-tight single-compartment Pyrex cell. A glass disk was joined to the back of the cell to allow the cell to be held and positioned by a standard mirror mount on the optical bench. The electrolyte was a 55:45 mole ratio of AlCl 3 -EMImCl. It was prepared and purified using the procedures outlined in Ref. 37 . The counter electrode was an aluminum wire placed parallel to and in the same solution as the working electrode. The reference electrode was also an aluminum wire placed in the same solution as the working electrode and positioned between the working and counter electrodes. All potentials reported here are with respect to the Al reference. The electrolyte was added to the cell while in a dry box containing less than 2 ppm oxygen and was then sealed. The cell was then removed from the dry box, placed in the optical mount, and positioned on the optical bench. Potential control was maintained using an EG&G Princeton Applied Research Corp. model 273 potentiostat/galvanostat that was controlled by a Dell Pentium 4 computer and LabView software. A more-detailed description of the optical bench and stress measurement can be found in Ref. 25 and 36 . Figure 1 shows the linear sweep voltammetry for the upd of Al onto ͑111͒-textured Au from a 55:45 mole ratio of AlCl 3 -EMImCl electrolyte. The voltammetry shows two cathodic peaks at 0.5 and 0.1 V as well as two anodic peaks at 0.26 and 0.54 V. This voltammetry is similar to that reported by Lee et al. on polycrystalline Au in 60:40 mole ratio of AlCl 3 -EMImCl. 45 Reports in the literature indicate that Al-Au alloys can be formed in the upd region. [45] [46] [47] [48] The general consensus is that stripping of the upd layer occurs in the potential range of 0.4-0.6 V and that the first anodic peak is associated with dealloying rather than partial removal of the upd layer. This conclusion is based on the fact that the height of the first oxidation wave increases with the time at which the electrode is held at +0.10 V. 45 Zell et al. have shown by in situ scanning tunneling microscopy ͑STM͒ that in the potential region of 0.2-0.4 V twodimensional ͑2-D͒ aluminum clusters measuring 1-2 nm in diameter are deposited on the bare Au surface. 48 When the potential is further decreased to 0.1 V, the number of 2-D clusters increases and 3-D growth is observed. When the Al is anodically removed at 1.1 V, holes are left in the Au surface, indicating that surface alloying and perhaps compound formation occur in the upd region. 48 Similar surface alloying has been reported for evaporated Al on Au͑111͒ at and below room temperature. 49 We first examine the upd process by limiting the cathodic potential to +0.3 V in order to avoid significant alloy formation. Figure 2 shows the voltammetry ͑a͒ and surface stress response ͑b͒ for sweep rates ranging from 10 to 500 mV s −1 from a starting potential of D409 Journal of The Electrochemical Society, 155 ͑5͒ D408-D413 ͑2008͒ D409
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1.2 V. The voltammetric waves appear to be quasi-reversible, based on the sweep-rate dependence of the peak potential. 50 The inset shows that the peak current density, for both cathodic and anodic processes, varies linearly with sweep rate, indicating a surfacelimited process. The charge is estimated to be about 1.8 mC cm −2 , which is approximately a factor of 2.5 higher than the 0.67 mC cm −2 expected for a pseudomorphic monolayer of Al on Au͑111͒. A typical roughness factor for the as-evaporated Au cantilever is 1.3, based on the charge necessary to completely reduce the Au oxide in acidic aqueous electrolyte. 51 The higher roughness factor, as determined from the Al upd charge, suggests that cycling the electrode in the upd region causes additional roughness due to the formation and removal of the surface alloy.
The surface stress response for Al upd is shown in Fig. 2b . In the potential range of +1.2 to + 0.55 V the surface stress moves in the tensile ͑positive͒ direction from a value arbitrarily chosen as zero. The stress response is likely due to both electrocapillarity as well as the desorption of AlCl 4 − from the gold surface. An ordered adlayer of AlCl 4 − has been observed by STM at potentials positive of Al upd on both Cu͑111͒ in 55:45 mole ratio AlCl 3 -EMImCl electrolyte 52 and Au͑111͒ in 58:42 mole ratio AlCl 3 -1-butyl-3-methylimidazolium chloride. 53 The tensile stress change in response to the desorption is consistent with Ibach's surface-induced charge-redistribution model, where electron acceptors such as adsorbed anions cause compressive stress because they reduce the electron density in the surface. 54 Haiss has observed a linear correlation between surface stress and surface charge for the adsorption/desorption of a variety of anions on Au. 55 In the potential range of +0.55 to + 0.30 V, corresponding to the onset of Al upd in Fig. 2a , the surface stress moves in the compressive direction. The stress maximum occurs well into the upd region, suggesting that perhaps two competing processes, i.e., AlCl 4 − desorption and Al upd, occur simultaneously in the early stages of adlayer formation. Similar behavior has been observed for Bi and Pb upd on Au. 21, 22 The magnitude of the compressive stress at the +0.3 V cathodic limit is a function of sweep rate, indicating some kinetic limitations in the stress response. When the potential scan is reversed, the stress response for the return sweep follows a path similar to that of the forward scan, although significant hysteresis is present in the deposition region, reflecting the quasi-reversibility of the voltammetry.
As mentioned previously, Al has a positive misfit ͑0.74%͒ with respect to the Au substrate. As a consequence, one would expect a tensile stress change for a pseudomorphic ͑1 ϫ 1͒ adlayer considering misfit alone. This can be quantified by the following expression
where Y ͑111͒ is Young's modulus for the ͑111͒ surface of Al, ͑111͒ is the Poisson ratio, mf is the misfit strain, d ͑111͒ is the height of the monolayer, and is the number of monolayers on the surface. The elastic constants, calculated from the elastic compliances for Al, 57 are Y ͑111͒ = 72 GPa and ͑111͒ = 0.365. Inserting these values into Eq. 2 for a monolayer of aluminum results in a misfit stress of +0.24 N m −1 . It is clear from Fig. 2 that the upd of Al results in a compressive stress rather than the tensile stress predicted from lattice misfit.
We now examine the stress response for more cathodic potentials where surface alloys are known to form in the upd region. These transients are shown in Fig. 3 for a variety of cathodic limits extending down to 0 V. If the cathodic limit does not go negative of +0.2 V, then the stress response is identical to that shown in Fig. 2b and the cantilever position returns to its initial zero value at the completion of the transient. As the potential is reduced to less than +0.15 V, the stress begins to move in the tensile direction. The stress continues to increase on the return sweep until the first anodic wave occurs, after which the stress returns to a value somewhat higher than its initial value. However, the cantilever returns to its original position if left for several minutes at a potential of 1.2 V. We attribute this tensile transient and remnant tensile stress at 1.2 V to Al-Au surface alloying.
In order to examine the kinetics of stress evolution, potential-step experiments were conducted to complement the potentiodynamic scans of Fig. 3 . Selected transients are shown in Fig. 4a for pulses initiated at 1.2 V. When the potential is stepped to values positive of Al upd ͑+0.6 V͒, the stress change in the tensile direction is rapid and the stress remains constant for the 20 s duration of the pulse. The change in surface stress in this potential region is due to electrocapillarity and AlCl 4 − desorption; both of these processes are expected to be rapid, which explains the shape of the transient in Fig.  4a . When the potential is pulsed into the upd region but positive of alloy formation ͑+0.2 V͒, the stress first moves in the tensile direction, reflecting AlCl 4 − desorption, and then moves compressively as the Al monolayer forms on the Au. The compressive stress change due to Al upd is rather slow, which is consistent with the sweep-rate dependence of the stress response in Fig. 2b . The total stress change with respect to the clean Au surface at +0.6 V is approximately −0.9 N m −1 . When the potential is stepped more cathodically into the region of alloy formation, the stress follows the same progression, i.e., rapid tensile for AlCl 4 − desorption, compressive for Al upd, followed by a second tensile transient. When the potential is pulsed to more cathodic potentials, it becomes clear that the time constant for the second tensile transient is potential dependent. The potentialstep data is summarized in Fig. 4b , where the stress change, recorded after 20 s, for both the cathodic and anodic pulses is plotted 
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The stress transients shown in Fig. 4b consist of three distinct features. The tensile stress observed at positive potentials ͑1.2-0.6 V͒ that we ascribe to AlCl 4 − desorption as well as the compressive stress associated with Al monolayer formation are common features of stress transients reported in the literature for a variety of upd processes. However, the potential-dependent tensile transient observed in the latter stages of Al upd ͑0.15-0.0 V͒ is quite unusual and warrants additional discussion. Stress arises when a film undergoes any dynamic microstructural evolution process that changes its density while rigidly attached to the substrate. Tensile stress generated during film growth is an indication that the density of the film is increasing, i.e., there is a net decrease in molar volume. The initial stages of alloy formation in the upd region involve place-exchange processes between the Al adlayer and surface Au atoms. The stress response to replacing some of the surface Au atoms with smaller Al atoms can be estimated using an expression similar to Eq. 2
where E 111 Ј is the biaxial modulus for the ͑111͒ surface of Au ͓i.e., Y ͑111͒ /͑1 − ͑111͒ ͔͒, mf is the +0.74% misfit strain between Al and Au, d ͑111͒ is the height of the Au surface layer, and e is the fraction of the Au surface that has been exchanged by Al atoms. The biaxial modulus, calculated from the elastic compliances for Au, 57 is 190.3 GPa. If we arbitrarily allow 10% of the surface Au atoms to be replaced by Al, then the tensile stress generated in the Au-Al alloy surface layer is +0.04 N m −1 , only a fraction of that measured experimentally. This is a clear indication that the decrease in molar volume of the surface alloy layer must be more substantial than that described by a simple place exchange of Al and Au atoms on the surface.
STM studies of surface alloying of evaporated Al on Au͑111͒ at room temperature have shown lattice contractions in the surface alloy that are unusually large in light of the similar atomic radii of Al and Au. 49 It is also well known that large negative deviations from a rule of mixtures addition of the constituent molar volumes exist in several binary Al-transition-metal alloys. The high lattice contraction of the Al-Au surface alloy observed by STM is then rationalized as the 2-D analogue of the Al atom contraction in the binary bulk alloys. 49 For example, the molar volume contraction, ⌬V/V, associated with the formation of orthorhombic AlAu 2 is −0.056. The stress change associated with bulk alloy formation can then be estimated from the molar volume contraction
where E imc cludes the ⌬V/V of −0.056, then the volume contraction due to surface alloying produces a stress change of +3.7 N m −1 for each nm of intermetallic formed. Lattice contractions of this magnitude can certainly explain the tensile-stress changes observed experimentally.
We now examine the kinetics of surface alloy formation. The stress transients in Fig. 4a indicate that both the time constant and the magnitude of the alloy-induced tensile stress are potentialdependent. Similar potential dependence for alloy formation in the upd region has been observed for Cd on Ag. 58 Specifically, the logarithm of the rate constant was found to increase linearly as the potential was made more negative, approaching the bulk deposition of Cd. This was attributed to a Nernst-type dependence of the Cd activity at the surface on electrode potential. Garcia et al. have further characterized the Cd-Ag system by STM. 59 A thin surface alloy film forms as the result of structural changes in the full monolayer that are initiated by place-exchange processes between the Cd adlayer and surface Ag atoms. An effective diffusion coefficient of 1.5 ϫ 10 −16 cm 2 s −1 was obtained from charge-time transients using an alloying potential of +10 mV with respect to bulk Cd. Based on these kinetics, one can expect a Cd-Ag surface alloy measuring approximately 0.5 nm in thickness to form after 20 s at room temperature.
The Cd-Ag data cited above suggests that the kinetics of alloy formation in the upd region is sufficient to cause the stress transients shown in Fig. 4 . Although similar room-temperature data is not available for the formation of Al-Au alloys in the upd region, this system has been examined in some detail at higher temperatures in AlCl 3 -NaCl electrolyte. 47 The presence of both AlAu 2 and Al 2 Au 5 has been confirmed after 2 h at 250°C. An Arrhenius plot of the high-temperature data suggests that at 25°C, an Al-Au diffusion zone of 0.27 nm forms after 60 s. This is in reasonable agreement with the ambient-temperature surface alloy kinetics described above for Cd-Ag. Phase-formation studies on Al-Au thin films have shown that both Al 2 Au 5 and AlAu 2 also form at room temperature. 60 Based on the molar volume-induced stress change described by Eq. 4, the 0.27 nm of AlAu 2 formed in 60 s, estimated from the hightemperature kinetic data, would result in a surface stress of +1.0 N m −1 , which is in the same range as that observed experimentally. Although these kinetic studies suggest that surface alloying may be responsible for the tensile stress observed in the latter stages of Al upd on Au, the kinetics of Al-Au alloy formation at room temperature, as well as the stress changes associated with this process, will have to be evaluated more thoroughly.
Conclusion
In situ stress measurements were made during Al upd onto ͑111͒-textured Au from Lewis acidic AlCl 3 -EMImCl using the wafercurvature method. The surface stress response consists of three distinct features. In the potential range of 1.2-0.6 V the surface stress moves in the tensile ͑positive͒ direction from a value arbitrarily chosen as zero. This likely involves the desorption of AlCl 4 − from the Au surface and is consistent with adsorbate-induced stress models that appear in the literature. At the start of Al upd, the surface stress moves in the compressive direction, in contrast to the tensile stress expected based on the positive lattice misfit. We attribute this compressive stress to the formation of Al-Au bonds which partially satisfy the bonding requirements of the Au surface atoms, thereby reducing the tensile surface stress inherent to the clean Au surface. In the latter stages of Al upd, the surface stress once again moves in the tensile direction, which we attribute to Al-Au alloying. The magnitude of the tensile-stress change is close to that estimated from the elastic strain associated with the change in molar volume, using reaction kinetics reported for surface alloy formation in the upd region.
